Introduction
[2] The plasmasphere, a major structure of the inner magnetosphere, is a vast toroidal region of cold (temperature ≤1 eV) and dense (10 2 -10 4 cm −3 ) plasma of ionospheric origin. It encircles Earth and extends from the topside ionosphere (about 1000 km in altitude) out to equatorial altitudes ranging from about 10,000 to 40,000 km, where it reaches its outer boundary, known as the plasmapause [Lemaire and Gringauz, 1998 ]. The plasmapause is a transition layer with an abrupt drop of the equatorial plasma density from 100 to 1000 particles cm −3 down to a few particles per cubic centimeter [Carpenter, 1963] , and it is believed to be caused by the interplay of Earth's corotation and magnetospheric convection [Nishida, 1966] . Usually an equatorial density decrease of more than a factor of 5 over a region of less than 0.5 L is regarded as the signature of the plasmapause [Carpenter and Anderson, 1992] . Outside the plasmapause is the plasmatrough, a region filled with hot (∼100 eV to 100 keV) and tenuous (∼1 cm −3 ) plasma [e.g., Frank, 1971; Thomsen et al., 1998; Carpenter and Lemaire, 2004] . Inside the plasmapause the flux tubes drift on closed paths around Earth, allowing long-time refilling of the cold plasma from the underlying ionosphere to build up high density in the plasmasphere [e.g., Singh and Horwitz, 1992] . Beyond the plasmapause, however, the flux tubes convect sunward (therefore are on open drift paths) and drain their content of plasma along the open field lines to the interplanetary space as a result of reconnection of the magnetospheric and interplanetary magnetic fields at the magnetopause, resulting in lower plasma densities in the trough region [e.g., Carpenter and Lemaire, 1997] .
[3] The flux tubes drifting on both the closed and open paths may experience plasma refilling when the flux tubes drift from the nightside to the dayside. It usually takes several to tens of days, depending on the L shell, for the plasmaspheric density to reach the saturated or "filled" density level after the density depletion during magnetic storms [e.g., Singh and Horwitz, 1992, and references therein] . For instance, Park [1970] found that the "empty" tubes at 3.5 < L < 5 eroded in a storm took about 5 days to reach the monthly median values, and even after 8 days of quiet conditions the refilling continued. Reinisch et al. [2004] observed the fast refilling of the flux tubes in the L shell range of 2.0-3.5 by analyzing the sounding measurements made by the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) Radio Plasma Imager (RPI) during a great magnetic storm. The refilling time for the flux tubes to refill from 30% full to full is still greater than 1 day, about 28 h. Let us look more carefully at the importance of the speed of refilling. The flux tubes on the newly closed drifting paths can continuously accumulate plasma to reach a saturated density level, while the time for the flux tubes on the open drifting paths to refill is limited by the nightside-to-dayside drift time. If the refilling is slow, the flux tubes on the open drift paths will not accumulate significant plasma, so that the plasmatrough density on the dayside is expected to be as low as that in the nightside trough. In this case, the plasmapause is expected to exist on both the nightside and dayside, although its location may change due to the varying magnetospheric convection. If, on the other hand, the refilling time scale is comparable to or faster than the time scale for the flux tube to drift from the nightside to the dayside, an empty flux tube on the nightside would be refilled after it drifts to the dayside. In this case, the plasmapause can be observed on the nightside but perhaps not on the dayside.
[4] Under normal conditions, the refilling may be slow, and the structure of the inner magnetosphere is basically the same during the 1 day (or less) evolution. Such a structure was predicted by the seminal work of Nishida [1966] and has been demonstrated by numerous observations and modeling studies [e.g., Singh and Horwitz, 1992; Lemaire and Gringauz, 1998; and references therein] . The recent modeling study by Pierrard and Stegen [2008] , which includes an additional process, namely the interchange instability, to the interplay of the corotation and convection as a mechanism of the plasmapause formation, also showed that the plasmapause persists when the plasmasphere corotates with Earth.
[5] Nevertheless, the near-equatorial ISEE 1 observations by Nagai et al. [1985] have shown that the classical plasmapause determined by the sharp density gradient was not always observed in the dayside region; that is, the density profiles were smooth on occasion. Carpenter and Anderson [1992] used the electron density profiles also obtained by the ISEE 1 satellite to demonstrate that after 4 days of the refilling the plasmasphere with a well-defined plasmapause became an extended dense plasmasphere at the magnetic local time (MLT) sector sampled by the ISEE 1. On the basis of the observations of the RPI on board the IMAGE satellite, Tu et al. [2007] recently showed that during the geomagnetic quiet periods the smooth density profiles can extend from the inner plasmasphere to the subauroral region and can occur at various local times. The causes of the smooth transitions, or the absence of the plasmapause, however, have not been clearly revealed.
[6] One possible cause is that during a prolonged period of extreme quiet geomagnetic condition the corotation is dominant over an extended spatial range. It is also possible that the plasmaspheric wind advocated by Lemaire and Schunk [1992] takes effect during a prolonged quiet period. The plasmasphere is expected to extend on both the nightside and dayside due to any one of above two processes. The smooth transitions observed by Tu et al. [2007] might result from those processes because on both the nightside and the dayside electron density distributions were observed to smoothly transit from the plasmasphere to the subauroral region. Another situation in which the plasmapause can be clearly seen on the nightside but the density distributions become smooth on the dayside is that the plasmaspheric structure changes in a time scale of about 0.5 day, roughly the time period for the plasmasphere to corotate with Earth from the nightside to the dayside.
[7] In this study we investigate such short-time evolution of the inner magnetospheric structure using the measurements by RPI on the IMAGE satellite together with observations by the Defense Meteorological Satellite Program (DMSP) satellites. Two cases are examined in detail. One, under quiet geomagnetic conditions, displays typical characteristics of the evolution that the plasmapause exists on both the nightside and dayside. The other case, observed during the recovery phase of a magnetic storm, shows different features. In this case, when the nearly "empty" flux tubes in the nightside plasmatrough drifted to the daytime region, the plasma density in the flux tubes was increased to the level making the preexisting distinct plasmapause disappear. In section 2 we briefly describe the observation data from IMAGE RPI and DMSP. In section 3 the two observational cases are analyzed in detail, and section 4 gives the discussions and summary.
Data and Methods
[8] The IMAGE satellite [Burch et al., 2001] was in a polar orbit with a period of 14.2 h so that it traversed the plasmasphere and plasmatrough region about twice a day. The RPI [Reinisch et al., 2000] on board IMAGE operated alternately between making passive radio wave measurements and active sounding measurements. In the active sounding mode RPI transmitted coded signals and listened to the echoes, stepping through the frequencies within the range of 3 kHz to 3 MHz. The signal intensities of these received echoes are displayed as a function of frequency and echo delay time (represented as virtual range: one half of the echo delay time multiplied by the speed of light in free space) in a plasmagram, as shown in Figure 1 . In the plasmagram, usually the electron cyclotron (f ce ), the upper hybrid ( f uh ), and the plasma frequency (f pe ) can be clearly identified. Multifrequency echoes form a distinct X-mode trace, whose cutoff frequency at the satellite location, that is, f x , can also be well identified. It has been shown that the X-mode trace obtained in the magnetosphere represents the reflected signals propagating along the magnetic field line intersecting the satellite [Reinisch et al., 2001; Song et al., 2004; Fung and Green, 2005; Fu et al., 2010] . Using the trace in a plasmagram, we can derive the field-aligned distribution of the electron density by applying an inversion algorithm . The trace in Figure 1 will be analyzed in detail in section 3.2. In the passive measurement mode RPI monitored the natural plasma wave environment around the satellite. Those natural plasma wave signals are displayed in conventional frequency-time electric field spectrograms (referred to as dynamic spectra; see Figure 2 ) [Green and Reinisch, 2003] with the analysis software known as BinBrowser [Galkin et al., 2004] . The upper hybrid resonance (UHR) band, a typical feature on the dynamic spectrograms, provides the information of the local electron density because the lower cutoff frequency of the UHR band is approximately the electron plasma frequency f pe [e.g., Mosier et al., 1973; Shaw and Gurnett, 1980] .
[9] In this study, we first use the passive mode measurements to obtain the in situ electron density variations along the IMAGE orbits. Such electron density variations reflect the structure of the inner magnetosphere; that is, the electron density distribution either displays distinct signatures of the plasmapause or varies smoothly from the inner plasmasphere to the subauroral region. The measurements made by RPI in the years 2001 and 2005 are examined to select events for the study of the inner magnetosphere from the nightside to dayside. In these years the inbound pass and outbound pass orbit segments are roughly symmetric about the geomagnetic axis, providing a contrast of the plasmaspheric density profiles at similar magnetic latitudes but at opposite MLT sectors. In addition, the time difference between the inbound and outbound passes is about 12 h in these 2 years, comparable with the corotation period of the plasmasphere. Therefore, IMAGE intersected roughly the same flux tubes on its inbound and outbound passes. In our cases, they were on the nightside and dayside, respectively. The available active sounding measurements are also used to derive the field-aligned density distributions so that the equatorial density can be inferred. From the equatorial density the plasmasphere refilling rate may be estimated.
[10] In order to determine the source of refilling, we use DMSP satellite data to monitor the upward fluxes from the ionosphere. The DMSP is a constellation of satellites circling Earth in Sun-synchronous orbits at ∼850 km altitude with orbit periods of ∼104 min. We analyze the data from the retarding potential analyzer (RPA) and the ion drift meter (IDM) on board the DMSP satellites. The RPA provides the ion density, ion temperature, ram ion velocity, and ion composition in the topside ionosphere, while the IDM measures the vertical and horizontal (cross track) components of the plasma velocity in the range of ±3000 m s −1 (corresponding to a maximum energy of 0.75 eV for an O + ion). In the present study, the ion density, ion composition, and vertical velocity with a temporal resolution of 4 s are presented to coordinate with the IMAGE RPI observations. The DMSP satellites and the measurement techniques have been described in detail by Hairston and Heelis [1990] .
[11] To correlate and compare the measurements from the nightside and dayside, we trace the motion of the flux tubes using the E5D model of electric field, which is determined by the simultaneous K p index [McIlwain, 1986; Pierrard and Stegen, 2008] , and the T96 model of the magnetospheric magnetic field [Tsyganenko, 1995] . The drift velocity of the flux tubes is calculated by v = E × B/B 2 , where the electric field E includes the contribution from the corotation with Earth and the magnetospheric convection.
Evolution of Plasmaspheric Structure
[12] In this section, we present two cases illustrating the evolution of the plasmaspheric density profiles from the nightside to the dayside. One case presents a typical situation, and the other case was observed in a storm recovery phase showing a completely different evolution of the plasmaspheric structure. Both cases were observed under quiet geomagnetic condition in terms of K p values. (Figure 2, right) is about 12 h. The IMAGE orbit is schematically displayed in two insets in the dynamic spectra. The red squares in these insets represent the locations at which the satellite encountered the plasmapause, and the black lines denote the magnetic field line of L = 4.3. The satellite's orbits in the outbound pass and inbound pass of the inner magnetosphere are generally symmetric about the geomagnetic axis. The red curve in the spectra is the electron cyclotron frequency f ce calculated with the T96 model [Tsyganenko, 1995] . The orbit information, including the L shell, MLT, radial distance in Earth radius (R E ), and the magnetic latitude (MLAT) are labeled below the abscissa of Figure 2 . We can see clearly the UHR bands in these two dynamic spectra. The plasmapause, which appears as a steep gradient of the frequency of the UHR band, is marked in each spectrogram of Figure 2 . From the lowerfrequency cutoff of the UHR band, the electron densities can be derived [e.g., Mosier et al., 1973; Shaw and Gurnett, 1980; Benson et al., 2004] .
[14] The variations of the derived electron density along the satellite orbits are presented in Figure 3 . Figures 3a and  3b show, respectively, the derived electron densities on the nightside (outbound pass) and dayside (inbound pass) as functions of universal time. Figure 3c presents the density variation with the L shell, and Figure 3d shows the MLAT information along the orbits. Again, the density measurements shown in Figures 3a and 3b have a time separation of about 12 h. A sharp drop in the electron density changing from 599 to 25 cm −3 , nearly a factor of 24 over a distance less than 0.5 L, is clearly seen on the nightside at about 1436 UT (Figure 3a) . Because the measurements were not made in the [Tsyganenko, 1995] , and the vertical gray strips indicate data gaps. The satellite orbit configuration is shown in the insets, in which the shaded area of Earth indicates the nightside. equatorial plane, the observed density change in time series data also includes the contribution from the latitudinal density variations. Nevertheless, we can see from the IMAGE orbits (insets in Figure 2 ) that the major contribution to the density change should be due to the density variations in L shell because the orbit is at large angles with respect to the field lines. Furthermore, and more important, it is difficult to attribute such sudden density change to the density variations along the field lines because the diffusion along the field lines does not support such a large density gradient along a field line. Thus the sharp density drop indicates the existence of the plasmapause. On the dayside a plasmapause with a density drop from 123 to 14 cm −3 over a distance less than 0.5 L was observed at ∼0206 UT (Figure 3b ). This density change is more than a factor of 8. The plasmapause is even more evident when the profiles are plotted as a function of L shell in Figure 3c , which compares the nightside (open circles) and dayside (solid circles) density distributions. We find from this comparison that the electron densities are almost the same in both the nightside and dayside plasmatrough. However, when considering that the IMAGE orbit was at slightly lower MLATs on the dayside (see Figure 3d ), the same-MLAT electron density on the dayside region should be slightly larger. From nighttime to daytime, the plasmaspheric density decreased slightly in the plasmasphere. The plasmapause relocated outward from L = ∼4.3 to ∼5.8.
[15] The large increase in the distance of the plasmapause is very interesting. It can be attributed to either the outward motion of the plasmapause itself or the plasma refilling in the region that most recently became a part of the plasmasphere. According to Carpenter and Anderson [1992, Figure 10 ], the expansion from the nightside to dayside is typically 0.5 R E , which may be too small to account for the 1.5 R E difference in this case. Nevertheless, we still need to investigate this possibility.
Tracing the Motion of the Flux Tube
[16] In order to correlate the measurements from the nightside with those from the dayside, we consider the drift of a flux tube from the nightside to the dayside by using the E5D model, in which the electric field varies with time according to the K p index and the T96 model, in which the magnetic field varies with the solar wind and interplanetary magnetic field (IMF) conditions. These solar wind conditions and also the geomagnetic indices are shown in Figure 4 , where, from top to bottom, the K p and D st indices, IMF B z , and ram pressure of the solar wind measured by ACE at X GSM = ∼230 R E on 21-22 February 2001 are displayed, respectively.
[17] We first trace a flux tube just inside the nightside plasmapause encountered by IMAGE. The tracing begins at 1432 UT on 21 February 2001 and ends at 0237 UT the next day. The ending time is chosen as the time when the flux tube is closest to the IMAGE satellite orbit projection in the dayside equatorial plane. The tracing time step is set to be 1 min, and the tracing results in the solar magnetic (SM) coordinates are presented in Figures 5a and 5b. Figure 5a displays the initial location (as a triangle) of the flux tube in the equatorial plane of the SM coordinates at 1432 UT together with the electric equipotential lines (determined by the E5D model) at that time. Figure 5b shows the traced drift trajectory (thick solid line) imposed on the equipotential The open circles represent measurements on the nightside, and the solid circles represent measurements on the dayside. The vertical dash lines indicate the location of a flux tube on the nightside whose drift path is traced using the E5D electric field model [McIlwain, 1986] and the T96 magnetic field model [Tsyganenko, 1995] . The solid vertical lines represent the final location of that traced flux tube. The curved arrow in Figure 3c illustrates the change of the L shell of the traced flux tube. The straight arrows in Figure 3c denote two other traced flux tubes.
lines at 0237 UT. The differences of the equipotential lines between Figures 5a and 5b are due to the differences in K p index and the solar wind conditions. The dash-dotted line in Figure 5 denotes the satellite orbit mapped to the equatorial plane along the magnetic field lines as specified by the T96 model. The equatorial plane projection of the IMAGE location at this time (0237 UT in Figure 5b ) is labeled with a dot in Figure 5 , while the flux tube location at this time is labeled with a rectangle. It is seen that the L shell of this traced flux tube does not change much from the nightside to dayside (represented with the left-pointing downward arrow in Figure 3c ). Therefore, we may conclude that the expansion associated with corotation of the plasmasphere is unlikely to produce a radial outward shift of the plasmaspheric flux tubes when they drift around Earth from the nightside to the dayside. Note that the ending location of the flux tube (represented by a rectangle) is not exactly coincident with the IMAGE orbit projection at 0237 UT (represented by a dot in Figure 5 ), but the differences of local time and L shell between the two are small.
[18] Next we consider the flux tube that was initially just outside the nightside plasmapause. For this flux tube, tracing begins at 1442 UT on 21 February and ends at 0222 UT on 22 February. The starting time is when IMAGE encountered the flux tube, and the ending time is again chosen to make the closest distance between the IMAGE orbit plane and the flux tube ending location in the equatorial plane. The tracing results are displayed in Figures 5c and 5d in the same format as in Figures 5a and 5b . The flux tube is initially just outside the nightside plasmapause or in the region of the open drift paths (see Figure 5c ). It then drifts to inside the dayside plasmasphere (the region of the closed drift paths) at 0222 UT on 22 February. This indicates that there is possibly reduction of the convection during the period of the flux tube drift from the nightside to the dayside. The reduction of the convection is consistent with the general declining trend of the K p index as shown between the two vertical lines in Figure 4 . It is seen that the L shell of this flux tube does not change significantly, from L = 5.0 to 4.9, while it drifts from the nightside to dayside, as represented by the middle upward arrow in Figure 3c . Again the differences, particularly the difference in the L shell, between the ending location of the flux tube, represented by a square in Figure 5d , and the IMAGE location at 0222 UT, indicated as a dot in Figure 5d , is small. It is thus reasonable to state that the flux tube actually encountered by the IMAGE at 0222 UT (on the dayside) experiences only a slight L shell change when it drifts from the nightside to the dayside, as does the flux tube traced. This indicates that the cause of the larger area of the outer plasmasphere on the dayside compared to that of the nightside plasmasphere may be the refilling process in flux tubes.
[19] One may argue that the plasmapause should be asymmetric between the nightside and dayside. It usually locates at larger L shell in the dayside than in the nightside due to the magnetospheric convection. This asymmetry actually has been considered in the E5D model of electric field. For instance, the plasmapause determined by the E5D model at 1432 UT on 21 February (Figure 5a ) are at L = ∼4.4 and ∼5.0, respectively, in the postmidnight and postnoon sector, that is, about a difference of 0.6 R E , consistent with the observations of Carpenter and Anderson [1992] . Although the E5D model we use is standard and has been widely used in the field, one may still argue that the method is not accurate and that the plasmapause drifts outward more than the model prediction. In this case the plasmapause could be farther out on the dayside than on the nightside, although the large outward relocation, 1.5 R E , is beyond any reasonable model prediction. In order to validate our interpretation that the outward relocation of the plasmapause may be due to a fast refilling of the plasmatrough when the flux tubes rotated from the nightside to the dayside, we examine and present later in this section evidence for the source of refilling from the DMSP observations at the topside ionosphere.
Equatorial Densities
[20] In the present case, the plasmasphere became larger on the dayside with a clearly defined plasmapause. Beyond the dayside plasmapause there is only a slight change in the density from the nightside to dayside, as demonstrated by Figure 3c . Although one may think that there is no apparent density change in those flux tubes, as shown above, there is also a latitude effect due to the satellite orbit; see Figure 3d . If one compares the density at the same magnetic latitude, as to be shown later, one would observe a higher density on the dayside; that is, there is to some degree a refilling in the flux tubes beyond the dayside plasmapause.
[21] In order to determine the plasma refilling rate we need to estimate the equatorial densities of a given flux tube at nighttime and daytime as the densities shown before were measured at varying latitudes. We first infer the variations of the equatorial density with L values in the nightside and dayside local time sectors intersected by IMAGE, using the field-aligned density distributions derived from the IMAGE RPI sounding measurements Song et al., 2004; Tu et al., 2006; Fu et al., 2010] . We then use such variations to estimate the equatorial density of a given flux tube. It has been shown by Tu et al. [2006] that the field-aligned density profiles in the plasmasphere and plasmatrough can be represented by the following function form:
where l and l in are the magnetic latitude along a field line and the invariant latitude of the field line, respectively. N 0 (L) is the minimum electron density of the RPI-measured density profiles, which is the in situ electron density at the satellite location. Parameter a (L) describes the steepness of the density profiles at high latitudes, while b (L) specifies the flatness of the profiles at low latitudes. The fitting parameters A, B, C, and D are to be determined by multivariant least square fit to the density profiles derived from the RPI sounding measurements.
[25] Along the nightside outbound and dayside inbound orbit segments on 21-22 February 2001, the IMAGE RPI obtained a number of plasmagrams containing distinct traces that can be used to derive the field-aligned density profiles with the inversion technique described by Huang et al. [2004] . The derived field-aligned density profiles on the nightside and dayside are shown in Figures 6a and 6b , respectively (solid lines). The times and L shells of the measurements for those density profiles are listed in Table 1 . As mentioned previously, IMAGE encountered the nightside plasmapause at ∼1436 UT on 21 February 2001 and the dayside plasmapause at ∼0206 UT on the next day. The times of the measurements indicate that profiles 1-2 and profiles 3-7 were measured in the nightside plasmasphere and plasmatrough, respectively. The dayside profiles 8-10 were measured in the dayside plasmatrough. It is seen from Figure 6 that these three groups of density profiles have very different slopes. Therefore, the multivariant least squares fit of equation (1) is applied separately to these three groups of density profiles. The obtained three sets of values for the fitting parameters A, B, C, and D, along with the equatorial density N eq for each individual density profile that is obtained by extrapolating the fitting density profile to the equator, are listed in Table 1 . The fitted density profiles are superimposed on the measured density profiles in Figures 6a and 6b (dotted lines) . It can be seen that the measured density profiles are well modeled by equation (1) (the relative differences between the modeled and measured densities are less than 10%). Figures 6c and 6d show the extrapolated equatorial electron density N eq as a function of L shell for the nightside and dayside region, respectively. The equatorial densities are labeled with the same number as the corresponding density profiles. The equatorial densities in the dayside plasmatrough (Figure 6d ) are slightly higher than those in the nightside plasmatrough (Figure 6c ) at the same L values, indicating that there really exists plasma refilling along the flux tubes originating in the nightside plasmatrough. It is noted that the equatorial densities are not directly measured but extrapolated from the fitting density profiles. Tu et al. [2006] have shown that such extrapolation is reasonable because the extrapolation is constrained by the trend of the multiple density profiles measured by the IMAGE RPI.
[26] With the variations of the equatorial density, it is possible to estimate the refilling rate for a given flux tube in the plasmatrough for this event. Since the field-aligned density profiles in the dayside plasmasphere were not available, we are unable to estimate the refilling rates for the flux tubes in the dayside plasmasphere region. We chose a flux tube near the geosynchronous orbit on the nightside and traced it to the dayside, where it arrives near the projection of IMAGE on the equatorial plane. The starting location of the flux tube is in the IMAGE orbit plane on the nightside. The tracing results are exhibited in Figures 5e and 5f in the same format as that of Figures 5a and 5b. As can be seen, at the starting time (1452 UT on 21 February) the flux tube is located in the nightside plasmatrough at L = 6.4, a location near the geosynchronous orbit, while at the ending time (0152 UT on 22 February) it has drifted slightly outward to L = 7.0 (Figure 5f , rectangle) in the dayside plasmatrough. The L shell change of this tracing from nighttime to daytime is also marked in Figure 3c as a curved arrow, from the vertical dashed line to the vertical solid line. The interpolated equatorial densities of the flux tube at L = 6.4 in the nighttime and L = 7.0 in the daytime thus are 2.3 and 5.0 cm −3 , respectively. They are labeled as solid circles in Figures 6c and 6d . Note that the stating equatorial location of the flux tube traced is in the IMAGE orbit plane, and the ending equatorial location of the flux tube is close to the IMAGE orbit plane. Therefore, it is reasonable to assume that the interpolated equatorial densities roughly represent the equatorial densities at the starting and ending locations of the flux tube, respectively.
Defense Meteorological Satellite Program Observations of Refilling Sources
[27] We have examined the available DMSP satellite observations to see if there is plasma supply from the ionosphere to the high altitudes, that is, to ensure that there are indeed refilling processes as we suggested above. Figure 5f passes the DMSP F15 orbit segment in the early morning local time (∼0900 MLT) at about 1900 UT, we consider that the DMSP 15 satellite roughly encountered the traced flux tube. Figure 7 shows the number densities of the total ion ( Figure 7a ) and H + (Figure 7b ), the total ion velocity parallel to the magnetic field line V k (Figure 7c ), the total ion flux (Figure 7d ) and the H + flux (Figure 7e ). The number densities in Figures 7a and 7b were measured by the RPA instrument. The parallel velocity V k is deduced from the horizontal velocities V x and V y and the vertical velocity V z assuming that the geomagnetic field is a dipole field at the altitude of Profile numbers are associated with those in Figure 6 . The equatorial densities N eq are in cm density and fluxes of heavy ions observed in the ionosphere may have little effect on the refilling in the equatorial region because, due to their heavier masses and slower speeds, they may not be able to escape from the gravity and they fall back to the ionosphere. The vertical dashed lines in Figure 7 indicate the inner boundary of those LITs, which thus corresponds to the plasmapause at high altitude. It should be pointed out that the plasmapause observed by DMSP at L = ∼4.6 agrees well with that predicted by the E5D electric model at L = ∼4.8, indicting that the E5D model used in this study is reasonable. Between the two vertical lines in Figure 7 is the plasmasphere. In the time period shown, the light ion trough of low density was observed twice: one above the Northern Hemisphere and the other above the Southern Hemisphere (see the low-density region of H + in Figure 7b ). It is seen that there are upward flows along the magnetic field lines in the shaded regions 1 and 2, which correspond to the plasmatrough and outer plasmasphere, respectively, at the local time around 0900 MLT (see Figure 7c) . Note that toward the high latitudes the peak upward velocity is associated with the typical larger upward flows in the aurora zone.
[28] In Figure 7c , the upward velocity in the plasmatrough is ∼50 m s −1 (shaded region 1). The associated upward total ion and H + density flux are ∼2.7 × 10 8 and ∼8.0 × 10 6 cm −2 s are bounded by gravity to lower altitudes. It is seen that the upward flux of H + in the outer plasmasphere is about 3 times as large as that in the plasmatrough. The upward H + fluxes observed by the DMSP F15 indicate that there is plasma supply from the ionosphere to the plasmasphere and plasmatrough. The much larger upward flux in the outer plasmasphere implies a larger refilling rate there compared to the plasmatrough. This is consistent with the RPI observations of the larger density increase from the density level of the nightside plasmatrough to form the outer plasmasphere on the dayside (see Figure 3) . It is worth noting that the field-aligned flow in the Northern Hemisphere is upward, while it is downward in the Southern Hemisphere, indicating an interhemispheric flow from the Northern Hemisphere to the Southern Hemisphere.
Refilling Rate Near the Geosynchronous Orbit
[29] We now estimate the refilling rate in the traced flux tube near the geosynchronous orbit. The DMSP F13 satellite, which circles Earth from dusk to dawn, provides complementary observations for determining the time when the refilling begins. Because DMSP F13 did not observe significant upward flux (not shown here) when it passed the dawn sector, about 0600 MLT, during this event, the refilling should not start before ∼1602 UT on 21 February. If the refilling ended before ∼0152 UT when the higher densities were observed on the dayside by IMAGE on 22 February, the refilling time period is about or less than 9.8 h. Considering that the equatorial densities at initial and ending times are 2.3 and 5.0 cm −3 , respectively, the refilling rate is thus calculated to be ∼0.27 cm −3 h −1 . This rate is within but at the lower end of the range of 0.21-0.54 cm −3 h −1 as given by Su et al. [2001] for the early time refilling. The relatively small refilling rate may be the reason that the density in the dayside plasmatrough is not elevated to the level of that inside the dayside plasmasphere but remains as low as that in the nightside plasmatrough. 3.1.6. Geomagnetic Condition
[30] We examine the effects of the geomagnetic activities and solar wind/IMF conditions. In Figure 4 , the two vertical lines denote the interval between the IMAGE RPI observations on the nightside and dayside. We see that during that interval the IMF B z was primarily northward with some fluctuations, and the ram pressure of the solar wind was low and nearly constant. The geomagnetic condition was quiet, as indicated by the D st and K p indices. Note that in the interval between the RPI observations on the nightside and dayside, the K p index was below 2 and in general decreasing. The magnetospheric convection during that period was expected to be weak and possibly further decreased. This may explain why the flux tubes previously on the open drift paths in the nightside trough find them on the closed drift paths on the dayside as demonstrated by the drift trajectory shown in Figures 5c and 5d . We therefore conclude that the outward relocation of the plasmapause when the plasmasphere rotated from the nightside to the dayside was caused by the refilling combined with the decreased convection.
Case of 28 August 2005
[31] The above observations show a case in which the well-defined plasmapause on the nightside relocated outward on the dayside. We now present a case with a very different morphology, which was observed on 28 August 2005 when the inner magnetosphere was recovering from a magnetic storm that occurred on August 24.
[32] Figure 8 displays the dynamic spectra from the passive measurements of the RPI for the outbound orbit segment from 0200 to 0500 UT on 28 August 2005 (nightside) and for the inbound orbit segment from 1400 to 1700 UT (dayside). The UHR band is clearly visible, and there is a sudden change in its frequencies at ∼0352 UT, indicating that IMAGE passed the plasmapause at that time. The frequency variation of the UHR band along the inbound orbit is quite smooth, giving no indication of an abrupt plasmapause. Figure 9 presents the electron densities derived from the lower cutoff frequencies of the UHR bands. IMAGE observed an electron density change from 100 to 10 cm −3 at L = ∼4.5 and at ∼0352 UT, a clearly defined plasmapause on the nightside. However, in the dayside region (Figure 9b ), the electron density decreases smoothly from 2830 to 5 cm −3 without an identifiable plasmapause. This phenomenon is even more obvious when the density distributions are plotted as a function of L shell (Figure 9c ). The electron density in the dayside inner magnetosphere is one order of magnitude higher than that in the nightside plasmatrough.
[33] We now examine the geomagnetic conditions for this case, which are shown in Figure 10 . Similar to the case discussed in the previous section, the RPI observations were made during a geomagnetic quiet period in terms of K p indices. The difference from the previous case is that this case was in the recovery phase of a magnetic storm, as shown by the inset, which displays the variation of the D st index from 23 to 29 August 2005. This magnetic storm led to a drop of the D st index from 0 to less than −200 nT. During the interval of the RPI observations, the K p values were at or below 1 and relatively steady. The IMF B z was primarily northward, and the ram pressure of the solar wind was about 1 nPa and steady. Since the geomagnetic conditions were quiet and steady at the time, it is not expected that the flux tubes inside the nightside plasmapause move significantly outward to cause the high densities observed by the RPI on the dayside at larger L shells beyond the location corresponding to the nightside plasmapause (at L = ∼4.5). In other words, the smooth density distribution on the dayside is most likely a consequence of the refilling of the flux tubes originating in the nightside plasmatrough. We further investigate this possibility by tracing flux tubes originating from the nightside plasmatrough to the dayside.
[34] The drift trajectory of a sample flux tube in the nightside plasmatrough is traced using the E5D and T96 models. The tracing of the flux tube trajectory starts at 0415 UT on 28 August 2005, at L = 6.2 and 0234 MLT, where and when IMAGE passed the flux tube. The initial location of the flux tube in the SM equatorial plane is displayed in Figure 11a Figure 11b ) is again chosen to make it closest to the IMAGE orbit projection on the equatorial plane. The ending location of the flux tube is also on the open drift paths, as demonstrated by the equipotential lines on the snapshot at 1509 UT. Since after tracing for more than 0.5 day the model location is close to the IMAGE orbit projection, it is reasonable to conclude that the flux tubes encountered by IMAGE on the dayside inner magnetosphere most likely came from the nightside plasmatrough. Thus the higher density seen by IMAGE compared to the nightside plasmatrough density is most likely due to the fast refilling of the flux tubes along the field lines.
[35] In order to estimate the refilling rate for the flux tube traced, we first derive the equatorial density variations, again, with the field-aligned density profiles derived from the RPI sounding measurements. In the present case, good-quality traces that can be used to derive the field-aligned density distributions are only available in the nightside plasmatrough and in the dayside large-L shell region. The times and L values of the measurements of those field-aligned density profiles are listed in Table 2 . The density profiles on the nightside and dayside are plotted in Figures 12a and 12b , respectively. Multivariant least square fits with equation (1), separately for the nightside and dayside groups of the density profiles, extrapolate the equatorial densities as plotted in Figures 12c and 12d for the nightside and dayside and listed in Table 2 . The fitting density profiles are displayed as the dotted lines in the Figures 12a and 12b . Note that the equatorial densities in the dayside, even at larger L values, are higher than those in the nightside plasmatrough. The extrapolated equatorial density of the traced flux tube at its initial location is inferred to be 1.1 cm −3 , as the solid circle shown in Figure 12c , while it is 10.2 cm −3 at its final location, as the solid circle shown in Figure 12d .
[36] The stronger refilling in the present case is also supported by the DMSP F15 observations, which are shown in Figure 13 in the same format as Figure 7 . As indicated by the shaded region in the figure, a large upward velocity in excess of 250 m s −1 was observed (Figure 13c ) in the Northern Hemisphere in the prenoon region when the DMSP satellite was located beyond the plasmapause that can be recognized by the LIT in Figure 13b . The derived total ion density flux (Figure 13d ) and H + density flux (Figure 13e ) are ∼7.0 × 10 8 and ∼2.0 × 10 7 cm −2 s −1 , respectively. They are much larger than those in the 21-22 February 2001 case. Obviously these upward fluxes occurred in a large range of L shells, in a good agreement with the RPI observations shown in Figure 9c , where the region of the elevated densities on the dayside extends from L = 4.5 up to L > 12. There is almost no upward flux inside the plasmapause, outside of the shaded area in Figure 13 .
[37] We also examined the observations by the DMSP F13 and F14 satellites, and we found no significant upward flux of the ionospheric ions on the dawnside (data not shown), suggesting that the refilling started after the traced flux tube passed the dawn terminator, corresponding to a refilling start time after 0452 UT. The refilling time period is thus from after 0452 UT to 1509 UT, that is, less than 10.3 h, translating into a refilling rate greater than 0.88 cm −3 h −1 . This refilling rate is much larger than that derived in the previous case for the flux tube that started at similar L shell (L = 6.4).
[38] We now examine whether this large refilling rate derived from RPI can be explained by the upward flux observed by DMSP 15. Here, we again look at only light ions. Assuming the electron density distribution in the flux tube can be expressed by the density profile derived from the RPI sounding measurements (see Figure 12 ), the total number of the electrons (from the DMSP altitude to the equator) in the tube with an area of 1 m −2 at the DMSP altitude can be estimated by integration along the flux tube. In the present case, the total number of the electrons in the traced flux tube on the nightside is estimated to be ∼2.12 × 10 15 , while the total number of the electrons in the traced flux tube on the dayside is ∼1.10 × 10 16 . The difference is ∼8.89 × 10 15 electrons, which is the required amount of the electrons to refill the traced flux tube. From the DMSP F15 observations (Figure 13 ), we can estimate the total number of supplied H + ions to be ∼7.42 × 10 15 from 0452 to 1509 UT, assuming that the upward H + flux remained constant during the refilling period. The supplied amount of H + is thus comparable to the required amount if we assume that the H + ion density is basically the electron density in the plasmasphere. This would indicate that the flux originating from the ionosphere may be the source of the density increase from the nighttime to the daytime. We may now conclude that the extended region of elevated densities on the dayside as seen in Figure 9 was due to the stronger refilling extending to the larger L shells.
[39] It is interesting to review the refilling rates near the geostationary orbit obtained from the previous observations and simulations to see whether the refilling rates derived from the present observations stand. We indicate that in the present study we observed the early time refilling because the nearly empty flux tube experienced its first pass of the dayside [Gallagher et al., 1998; Lawrence et al., 1999; Su et al., 2001] . The early time refilling rates near the geostationary orbit obtained from a number of previous observations and simulations, along with those derived from the present observations, are listed in Table 3 . It is seen that the refilling rates derived here are within the range of the rates obtained in previous studies, especially the range of the rates from the observations. For the case of the typical evolution, the rate is within but at the lower end of the range of 0.21-0.54 cm given by Su et al. [2001] . For the fast refilling case, on the other hand, the rate is within but at the upper end of the range of 0.05-1.0 cm −3 h −1 given by Lawrence et al. [1999] .
Summary and Discussions
[40] In the present study, we have investigated two cases of the evolution of the inner magnetosphere from the nighttime to the daytime by analyzing both the passive and active measurements from IMAGE RPI. Both cases were observed under quiet geomagnetic conditions in terms of K p indices.
The difference is that the second one was observed during a recovery phase of a magnetic storm. In the first case the welldefined plasmapause on the nightside persisted on the dayside when the plasmasphere corotated with Earth but the location of the plasmapause moved outward. This is the typical evolution of the inner magnetosphere as normally expected. In the second case the plasma density in the entire plasmatrough was significantly elevated when the flux tubes in the nightside plasmatrough had drifted to the dayside. There is no identifiable plasmapause. By tracing the drifts of the flux tubes initially in the nightside plasmatrough, we showed that such plasmaspheric density distribution evolution could not be formed by simple convection and corotation of the inner magnetosphere. The fast refilling along the field from the ionosphere has to be invoked. The DMSP F15 observations provide supporting evidence that the evolution of the inner magnetosphere from the nightside to the dayside is primarily controlled by the refilling processes with greater upward fluxes in the region of elevated densities, which in the second case extends to at least L = 10. The present study demonstrates the importance of the plasmasphere-ionosphere coupling in controlling the structures of the inner magnetosphere.
[41] It should be pointed that the absence of the plasmapause on the dayside is not correlated with a plasmasphere plume because when a satellite crosses a plume structure, at least one plasmapause-like boundary (the outmost), and Profile numbers are associated with those in Figure 12 . The dayside inner magnetosphere is given since no plasmatrough exists in daytime for this case. The equatorial densities N eq are in cm −3 . Abbreviations are as follows: DIM, dayside inner magnetosphere; NPT, nightside plasmatrough. sometimes three boundaries, should be observed. This is not true in the second case we presented, in which no density boundary is observed even up to L > 12. In addition, the plume is usually considered to exist in the region L < 10 and under disturbed geomagnetic conditions in terms of K p > 3 [Darrouzet et al., 2008] , inconsistent with the very low K p situation (K p < 1) in the second case. We also examine the global images of the plasmasphere taken by the Extreme Ultraviolet Imager [Sandel et al., 2000] on board the IMAGE satellite. There are no plasmasphere plumes observed on that day.
[42] By using the field-aligned density profiles derived from the RPI remote sounding measurements and tracing the drifts of the flux tubes, we have estimated the early stage refilling rate for the flux tubes originating from the nightside plasmatrough. Although the estimate of the refilling rate is subject to some uncertainties due to the models for the magnetospheric electric and magnetic fields and the extrapolation of the field-aligned density to the equator, the values for the refilling rates derived in the present study are consistent with those obtained in previous observations [e.g., Lawrence et al., 1999; Su et al., 2001] at similar L shell. The refilling rate for the flux tubes reaching the dayside plasmatrough in the two cases is at the lower and upper ends, respectively, of the range of the refilling rates obtained by the previous observations. This indicates that the refilling rates estimated in the present study are reasonable. The larger region of the fast refilling in the second case is also consistent with the fact that the DMSP F15 observed a larger region of the upward H + ion fluxes. [43] It is necessary to state that the electric model we employed to trace the motion of the flux tubes from nighttime to daytime, that is, the E5D model, appears to work very well in this study. In the first case, the L shell of the plasmapause predicted by the E5D model is almost the same as that observed by the IMAGE RPI on both the nightside and the dayside and is also the same as the DMSP observation in the postdawn sector in the ionosphere.
[44] In the cases presented the geomagnetic activities in terms of K p index were quiet. It is very interesting that the fast refilling region is confined (inside L = ∼6.3) in the first case but extended to much larger L shells in the second case. This difference may be due to the significantly different geomagnetic conditions of the two cases. In the second case, the refilling was observed during the recovery phase of a magnetic storm. During the storm, the energy input to the ionosphere increased, leading to enhanced electron and ion temperatures. The consequences are the raised plasma scale height and increased parallel (bipolar in nature) electric field so as to increase upward plasma flux. These effects may persist during the recovery phase of the magnetic storm. At magnetospheric altitudes there may be enhanced waveparticle interaction and hot-cold ion interaction, favoring the fast refilling in the extended region of the inner magnetosphere. Further investigations are needed in order to provide full explanation for the observations. 
